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Special Issue of the 6th International Congress & Exhibition (APMAS2016), Maslak, Istanbul, Turkey, June [1] [2] [3] 2016 Thermal Decomposition Kinetics of Algerian Tamazarte Kaolin by Differential Thermal Analysis (DTA) In the present study, the kinetics of meta-kaolinite (Al2O3·2SiO2) formation from Algerian Tamazarte kaolin was investigated by using differential thermal analysis. The differential thermal analysis and the thermogravimetric experiments were carried out on samples between room temperature and 1400
• C, at heating rates from 10 to 40
• C min −1 . X-ray diffraction was used to identify the phases present in the samples. The activation energies measured by differential thermal analysis from isothermal and non-isothermal treatments using Johnson-MehlAvrami methods with Ligero approximation and using Kissinger-Akahira-Sunose methods were around 145 and 159 kJ/mol, respectively. The Avrami parameter n which indicates the growth morphology parameters were found to be almost equal to 1.60, using non-isothermal treatments, and equal to 1.47 using isothermal treatments. The numerical factor which depends on the dimensionality of crystal growth was 1.60 obtained using Matusita et al. equation. The frequency factor calculated using the isothermal treatment is equal to 1.173 × 10 7 s −1 . Analysis of the results have shown that bulk nucleation was dominant during kaolinite transformation, followed by three-dimensional growth of meta-kaolinite with polyhedron-like morphology, controlled by diffusion from a constant number of nuclei.
Introduction
Kaolin is usually used in a various number of applications, for example in the ceramic industry: conventional ceramics, structural and refractory ceramics, microelectronic packaging, high-temperature protective coatings, microwave dielectrics and infrared-transmitting materials. Further, other than ceramics applications, kaolin is also utilized as an industrial filler agent for paper, rubber, plastics, cosmetics, paints, etc. [1, 2] . In addition, kaolin can be utilized for management of waste, preparation of geopolymers, membranes, geopolymer-based composites [3] [4] [5] , intercalates and zeolites. Metakaolin is produced by calcination of kaolin rock. It has found utilizations in food processing industry, ceramics and shale oil processing [2] . All these applications are based the thermal transformation of kaolinite and main mineral phase of kaolin rock.
Thus, the course of mullite development from kaolin has been proven by a number of methods and techniques, such as thermogravimetric analysis (TGA), differential thermal analysis (DTA), differential scanning calorimetry (DSC) and dilatometry. In published literature [6] [7] [8] [9] [10] the mechanism and kinetics of thermal decomposition of kaolinite and of general clay mineral are considered with a wide interest. A broad-spectrum of methods, including molecular spectroscopy, electron microscopy and * corresponding author; e-mail: sahnounefoudil@yahoo.com thermal analysis techniques have been used to investigate this process [7] [8] [9] [10] . The aim of the present paper is to study two corresponding processes during thermal decomposition of kaolin, such as dehydroxylation of kaolinite and the mechanism of dehydroxylation. Finally the important kinetic parameters (overall activation energy and pre-exponential factor) will be determined on the basis of DTA experiments.
Materials and experimental procedure
Raw kaolin (from Tamazarte, Jijel, Algeria) was used in this investigation. Its chemical composition, determined by X-ray fluorescence (XRF) is shown in Table I . The raw kaolin was milled in planetary ball mill with alumina grinding media for 4 h and after that, milled by attrition for 2 h using ZrO 2 balls (diameter of 1.25 mm) at a speed of 700 rev min −1 . The slurry was dried at 120
• C for 24 h, powdered then sieved through a 63 µm mesh.
The thermal analysis (DTA-TG) was carried out on a Setaram LABevo TG-DSC 1600
• C equipment, operating under argon atmosphere. The samples were heated from room temperature up to 1400
• C at heating rates of 10 to 40
The DTA scans were conducted in flowing air, using alumina crucibles. The phases and their transformations were characterised using diffractometer system XPERT-PRO, with scan step of 0.0167
• (Cu K α radiation and a Ni filter), operated at 40 kV and 40 mA.The kinetics and the mechanism of kaolinite transformation have been studied by two dissimilar methods, such as non-isothermal or isothermal. According to the information obtained about the thermal activities of Kaolin, each technique gives excellent results. Figure 1 shows DTA/TG and DTG curves of kaolin powder heated from room temperature to 1400
Results and discussion
• C at a heating rate of 40
• C min −1 . Two step-like weight losses are observed on the TG curve. The first step of weight loss (∆m = 2%) is due to the evaporation of adsorbed water and the formation of kaolinite from kaolin. This transformation corresponds to the endothermic peak at 139.1
• C, as seen on the DTA curve, otherwise at 123.6
• C (first peak) on the DTG curve. The second step of weight loss (∆m = 10%) is due to the dehydroxylation of kaolinite and the formation of metakaolinite. It corresponds to the endothermic peak at 591.1
• C, seen on the DTA curve, and corresponds to the second peak on the DTG curve at 585.9
• C. Two other exothermic peaks are observed on the DTA curve. The first one at 999.1
• C corresponds to the formation of Al-Si spinel phase and the second peak at 1201.6
• C corresponds to the formation of primary mullite and to transformation of amorphous SiO 2 state into a crystalline phase, cristobalite. A mathematical method based on non-isothermal techniques was proposed by Ligero and co-workers [11] . If the same value of crystallized fraction x in every experiment at different heating rates is selected, the result will be a linear curve, as shown in Fig. 4 . The activation energy E A can be calculated from the slope of the function ln( dx/ dt) = f (1/T ) [12, 13] . The values of E A for different crystallized fractions were calculated by the average of the slopes of the lines, which are listed in Table II . The coefficient of determination R 2 is greater than 0.99 for different x values. The average of activation energy of dehydroxylated kaolinite is 145.5 kJ mol −1 .
F. Sahnoune et al. The Avrami parameter, n, was determined by the selection of many pairs of x 1 and x 2 that satisfied the condition ln[k 0 f (x 1 )] = ln[k 0 f (x 2 )] and by using Eq. 1 [11] .
.
The average values of Avrami parameter n for each heating rate are listed in Table III . Its values are equal to 1.47. The frequency factor, k 0 , for the different heating rates can also be calculated by the following Eq. 2, the average of k 0 is equal to 1.173 × 10 7 s −1 .
From the ratio of times for two fixed degrees of transformation, the morphology of the crystal growth can be obtained [13, 14] . A suitable representative index is the ratio of times for 75% and 25% transformation. In such way we find 2.20 ≤ t 0.75 /t 0.25 ≤ 4.82 for one dimensional growth (needles), 1.69 ≤ t 0.75 /t 0.25 ≤ 2.20 for two-dimensional growth (plates) and 1.48 ≤ t 0.75 /t 0.25 ≤ 1.69 for 3D growth (polyhedron).The average values of t 0.75 /t 0.25 for each heating rate are listed in Table III . For all heating rates the average value is equal to 1.68. This suggests a three dimensional growth of metakaolinite crystals [13] . Table IV . The average of activation energy is 162 kJ mol −1 . It is in good agreement with that of 145.5 kJ mol −1 estimated using isothermal DTA treatment. Table V represents the values of the Avrami parameter n, which indicate the crystallisation mode for different heating rates, determined using Eq. 3.
The average Avrami parameter is equal to 1.60. This value is close to 1.5, which suggests, that the crystallization process of meta-kaolinite should be controlled by diffusion growth [14] . The dimensionality of crystal growth m, calculated from the slope of the function ln(v n /T 2 p ) = f (1/T p ), according to Matusita (Eq. 4) is found to be equal to 1.60 for the dehydroxylated kaolinite.
Both of the growth morphology parameters n and m are close to 1.5, these results also indicate that the bulk nucleation is the dominant mechanism in metakaolinite crystallisation and the crystal growth is controlled by diffusion from a constant number of nuclei. 
Conclusions
The kinetics and mechanism of dehydroxylation of Algerian Tamazarte kaolinite was investigated using DTA techniques. From the obtained results authors have concluded the following:
• The activation energy, measured by DTA from isothermal and non-isothermal treatments was around 145.5 and 162 kJ/mol, respectively.
• The Avrami parameters n of growth morphology were found to be around 1.60 and 1.47 using nonisothermal and isothermal treatments, respectively.
• The numerical factor m, which depends on the dimensionality of crystal growth, is found to be 1.60, using Matusita equation.
• The frequency factor calculated by the isothermal treatment is equal to 1.173 × 10 7 s −1 .
• The bulk nucleation was dominant in kaolinite transformation, followed by three-dimensional growth of metakaolinite with polyhedron-like morphology (controlled by diffusion from a constant number of nuclei).
